Background: Evidence for an association between exposure of pregnant women to chlorination disinfection by-products and adverse birth outcomes is inconsistent and inconclusive. Aims: To evaluate the use of a questionnaire in a population of pregnant women to assess their exposure to water, examine the validity of the questionnaire by a seven day diary, and to obtain a better understanding of the exposure of pregnant women to water in Central London. Methods: A total of 147 pregnant women were asked to complete a questionnaire. Information was requested on their exposure to water from cooking and washing up, showering and bathing, food and drink, and swimming. Demographic and socioeconomic information were also recorded. For validation purposes, women were asked to complete a seven day diary at home. Results: The average exposure duration was 338.5 min/week for cooking and washing up, 172.2 min/ week for bathing and showering, and 67.9 min/month for swimming. The total fluid intake was 18.9 l/ week of which, on average, 18% was cold tap water; 30% of this tap water was consumed outside the home. The correlation between questionnaire and diary data was generally good to very good, although women tended to overestimate their exposure in the questionnaire compared to the diary. Conclusions: Information was obtained on the daily exposure of pregnant women in Central London to chlorinated water at home, work, and elsewhere. The questionnaire was found to be a valid method to assess the exposure of pregnant women to water and the response rate was higher than for diaries.
T he disinfection of public water supplies by chlorination is common throughout the world today. It has remained a popular disinfectant choice, despite alternative disinfectants being available. With the discovery of disinfection byproducts (DBPs), a spectrum of halogenated compounds formed by reactions between naturally occurring organic matter in the water and the added chlorine, concerns have arisen concerning their impact on human health. The benefits of preventing many serious diseases continue to largely outweigh the potential risks, but further research is needed to quantify both risks and benefits.
Toxicological and epidemiological studies concerning DBPs have focused on potential associations between exposure to chlorination DBPs and human cancers. [1] [2] [3] Recently, increasing attention has been given to the association between chlorination DBPs and adverse birth outcomes, 4 5 particularly low birth weight, stillbirth, miscarriages, and congenital malformations. 4-9 15-17 At present the evidence for an association between exposure of pregnant women to chlorination DBPs and adverse birth outcomes is generally inconsistent and inconclusive. 4 5 There has been widespread recognition that the exposure assessment is the major point of weakness when studying such an association. [10] [11] [12] [13] The body of evidence showing associations between DBPs and reproductive effects in humans and animals continues to grow and, with new data, the evidence is becoming more consistent. Improved exposure assessments will strengthen future studies.
Exposure to DBPs, such as trihalomethanes (THMs), may occur through ingestion, inhalation, or dermal absorption during activities such as cooking and washing up, showering and bathing, fluid intake, and swimming. For other DBPs, such as haloacetic acids, ingestion is the main exposure route. 10 The approach employed in studies to assess the exposure of pregnant women to chlorination DBPs has been mainly based on the water source or treatment and the concentration of total THMs in the municipal water source of the subject. 5 10 This ignores the individual variability in the fluid intake, and showering, bathing, and swimming patterns of pregnant women, which may be important determinants for exposure to chlorination DBPs. 10 This could produce exposure misclassification and hence attenuation in risk estimates and/or loss of statistical power. 10 14 Only a few epidemiological studies have taken into account ingestion, showering, and swimming as pathways of exposure. 6 15-17 Recent studies have started to address this problem by performing more detailed assessments of exposure and studying the validity and reliability of questionnaires. 14 18 19 However, most of the work concerning the exposure of pregnant women to chlorination DBPs has been performed outside the UK, and international differences in personal behaviour may result in different exposure profiles.
This study aims to determine the cooking and washing up, showering and bathing, fluid intake, and swimming patterns of pregnant women in Central London and to evaluate the validity of the questionnaire with a seven day diary.
METHODS

Study participants
One hundred and eighty women were asked to participate in the study. They were mainly in their first trimester of pregnancy and attending their first registration appointment between 20 May and 26 July 2002 at the Chelsea & Westminster Hospital antenatal clinic in Central London. All pregnant women lived in London and their recruitment was not restricted by any factors such as age, parity, socioeconomic status, or past pregnancy history. Participation was on a voluntary basis and the women received no payment for taking part in the study.
Pregnant women consenting to participate were asked to complete a questionnaire at the clinic. They were also given a seven day diary to complete at home and return in a provided stamped addressed envelope. Approval was obtained from the Riverside Ethics Committee to recruit participants for this study.
Data collection
Questionnaire
Study participants were asked to complete a three page questionnaire. The questionnaire was designed to determine levels of use and consumption of water in a normal day. The respondents estimated the average time spent boiling water, washing-up by hand, using a dishwasher, bathing, and showering. They also estimated the time they spent in the bathroom following bathing or showering and the frequency and duration of swimming activity, either weekly or monthly. The study participants were asked to record their fluid intake habits at home, work/college, and elsewhere. Fluids were categorised as cold tap water, bottled water, tea, coffee, hot chocolate, plain milk, squash (fruit drink made with water), soft drinks, beer, wine, and spirits. The respondents were asked to express their daily or weekly intake of each item as a number of glasses (200 ml), mugs (200 ml), cans (330 ml), or in precise liquid units if known. Women were also asked to report on the daily or weekly consumption of soup, expressed in mugs (200 ml), bowls (400 ml), or in known liquid units.
Demographic information, which might include modifying factors for water use, was recorded. This included questions on location of residence, maternal age, parity, level of education, work status, smoking habits, household income, and ethnic background.
Seven day diary
The seven day diary was used as a gold standard method of data collection and to validate the questionnaire. It consisted of seven identical pages, with each page recording the same information as the questionnaire (information regarding cooking and washing up, showering/bathing, food and drink, and swimming), but excluding demographic information. The women were expected to complete the diary for seven consecutive days.
Further details about the contents of both the questionnaire and the seven day diary are available in Kaur. 20 
Statistical analysis
For ease of handling the large data set, the fluid intake data collected for work/college and elsewhere were combined, giving data for fluid intake at home and elsewhere overall. The data were analysed with the Statistical Package for the Social Sciences, version 10.0 for Windows (SPSS Inc., 1989-99). Basic statistics were calculated to estimate the average fluid intake (total and separate categories), showering, bathing, and swimming duration per week for the questionnaire and seven day diary. The data collected from the questionnaires and the seven day diaries were compared to examine the validity of the questionnaire. Correlation between the results of the two methods was assessed by estimating Spearman's correlation coefficients. To estimate the bias for each woman in the sample, the mean difference between the results of the questionnaire and the diary was calculated for each water use variable. These data were then used to calculate the mean difference for the group.
RESULTS
Participant characteristics
One hundred and forty three pregnant women (79.4% of the women approached) agreed to participate in the study and 47 (32.9%) returned their seven day diary (table 1). The main reason given by women refusing to partake in the study when approached was predominantly time constraint. Participating pregnant women completing the questionnaire were highly educated (65.0% with university degrees), employed (66.4%), and had a high household income. They were typically aged 25-34 years (58.7%) and were having their first child (58.0%). The women recruited were mostly white in ethnic origin (74.8%) and did not smoke (90.9%). The demographic and socioeconomic characteristics of participants completing the seven day diary and questionnaire were very similar (table 1) .
Cooking and washing up
On average, women spent almost as much time boiling water as they did using the dishwasher (table 2), although 55.2% of the participants did not use a dishwasher. Some women used the dishwasher for up to 840 min/week. On average, women spent 338.5 min/week cooking and washing up with water, but some women spent up to 1180 min/week on these activities.
Showering and bathing
Showering was reported by 76.9% of the participants and 70.6% reported bathing. Pregnant women spent almost the same time showering (54.3 min/week) as they did bathing (54.7 min/week), and 31.5% and 34.3% respectively did not spend any time in the bathroom afterwards. Women tended to spend longer in the bathroom after showering than after bathing (table 2) .
Swimming
On average, pregnant women went swimming for 67.9 min/ month (table 2); the maximum time recorded for swimming was 480 min/month. However, 49.6% of participants reported to never go swimming or had stopped swimming during pregnancy.
Food and drink
Pregnant women generally had a higher fluid intake at home (11.9 l/week) than work and elsewhere (7.0 l/week) (table 3). On average women drank almost equal amounts of cold tap water and bottled water at home, but at work and elsewhere they drank almost three times more bottled water than cold tap water. However, a large proportion of women did not drink cold tap water at home (42.7%) and an even greater proportion at work and elsewhere (71.3%). Overall, 37.1% of N There are a number pathways and routes of exposure for by-products such as trihalomethanes among pregnant women, all of which must be considered.
N Further work should be performed to assess the contribution and importance of each exposure route.
the study participants did not drink cold tap water and 20.3% did not drink bottled water.
Hot beverages (tea, coffee, and hot chocolate) were among the most common form of fluid intake-at home on average women drank 2.3 l/week and at work and elsewhere women drank 1.2 l/week. Also, women drank almost the same amount of milk, squash, and soft drinks at home and, to a lesser extent, at work and elsewhere. Overall, 55.9% of the women consumed soup, with this mainly being consumed at home. On average pregnant women consumed 0.2 l/week of alcoholic beverages (beer, wine, and spirits) at home, but some women reported an alcoholic intake of up to 2.8 l/week. Similarly, on average pregnant women consumed 0.l l/week of alcoholic beverages at work and elsewhere, but some reported drinking 1.4 l/week. Eighty eight women (61.5%) did not consume any alcoholic beverages.
Differences by demographic status Differences in pregnant women's exposure to tap water through the various activities due to age group, education level, employment status, parity, household income, smoking habits, and ethnic background were also examined (data not shown). Some differences were observed with age group, parity, employment status, income, and smoking habits, but the number of women in the categories was small and there were generally no trends, with a few exceptions. 20 Boiling water and washing up tended to increase with parity, while the use of dishwasher increased and duration washing up by hand decreased with income. Unemployed women tended to boil more water, wash up more, and showered and/or bathed more often.
Validation
The results from the questionnaire displayed moderate to good correlation with those from the seven day diary (table 4) . Of the cooking and washing up variables, the correlation for dishwasher use (r = 0.82) was particularly high. The correlations for the showering and washing variables were also high (r = 0.76 to 0.80). Good correlations were observed for drinking cold tap water (r = 0.79) and bottled water (r = 0.70) at home, but these were only moderate for work and elsewhere (cold tap water, r = 0.43; bottled water, r = 0.55). Absolute differences between the questionnaire and seven day diary revealed some differences in the fluid intake variables (table 4) .
Generally, the correlation was better and the differences smaller between the questionnaire and diary results for estimated fluid intake at home compared to elsewhere. Women tended to overestimate their exposure to water in the questionnaire compared to the seven day diary (table 4) . Further detail on the subset of diary completers is available in Kaur.
20
DISCUSSION
This study successfully obtained exposure estimates for the main activities related to exposure of pregnant women to water in Central London. Examination of the data revealed considerable exposure variability between individuals. Furthermore, fluid ingestion estimates highlighted that most of the fluid intake took place at home (63%) and that there are differences in the consumption of cold tap and bottled water in the home and elsewhere. The questionnaire appears to be a valid methodology for estimating the exposure of Exposure of pregnant women to tap water related activities 457
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Examination of the participant characteristics revealed the study sample to be composed principally of educated and affluent white pregnant women aged 25-34 years, reflecting the study area but not generally the rest of the UK. The water exposure of pregnant women seen in this study may differ to that of the general UK population, such as drinking more filtered and bottled water, but there are no national data for comparison. However, there was no trend in the consumption of bottled water by income or education level in the study population, suggesting that these may not be important factors influencing the use of alternatives to tap water. The proportion of women drinking tap water was fairly similar to the rest of the population in London (69%). 26 The use of a dishwasher increased and time spent washing up by hand decreased with income, but there were no other obvious differences between, for example, different socioeconomic classes and levels of education.
Although the response rate for the diary was low, probably reflecting the respondent burden, the groups completing the questionnaire and the diary had similar characteristics and are likely to be representative of the actual population attending the antenatal clinics. The fairly good correlations and relatively small differences between the questionnaire and diary results suggest that the questionnaire is good enough to collect this kind of information without the women requiring to fill out a diary. Correlations were found to be higher for the ''home'' variables in contrast to those for ''elsewhere''. The correlations for cooking and washing up, showering and bathing, and swimming were higher than for the fluid intake variables. This is likely to be due to fluid intake having a greater potential for daily variation in contrast to established routine activities such as cooking and washing up, showering and bathing, and swimming. In comparison to other studies, the correlations in this study were higher than those in a US study, 18 and some were similar to the correlations found in an Italian study. 19 Approximately 92% women reported washing dishes in the current study, which was higher than reported by Zender and colleagues 14 (66.2%). This could be an indication of the difference between the activities and exposure patterns of Table 4 Spearman correlation coefficients for the same variables in the questionnaire and seven day diary, and the average differences between the questionnaire and seven day diary (n = 47) pregnant women in the USA and UK. Unfortunately, no consideration was given to pregnant women washing clothes by hand in this study. This may be particularly important in lower socioeconomic groups who do not have the use of a washing machine, and could be a significant route of exposure, although the number of women is likely to be small. Pregnant women spent 54.3 min/week showering and 54.7 min/week bathing on average. Similarly, Chu 21 found women to spend on average 57.4 min/week showering, but a lot longer bathing (129.5 min/week). Other studies have found the daily duration of showering and bathing to be higher in the USA 14 18 and Italy. 19 This could be due to a number of reasons, such as differences in cultural characteristics of the pregnant women geographically or simply dissimilarities in climate or even differences in the frequency of showering and bathing. Unlike previous studies, consideration was also given to the time spent in the bathroom after showering or bathing. Women remained in the bathroom for half as much time as they spent showering or bathing, and this may be a potentially important route of inhalation exposure that is often ignored.
5 However, the current study did not take into account the presence of ventilation within the bathroom and the temperature at which the baths and showers were taken, which have been shown to be important factors for the level of exposure. [22] [23] [24] Half the women participating in this study went swimming. A similar trend was observed by Nieuwenhuijsen and colleagues, 17 in which 41% women reported swimming. In two US studies, 14 18 only 25.4% and 7.5%, respectively, of the study participants reported swimming. Once more, differences in exposure estimates seen between the studies could be potentially due to cultural and geographical characteristics of the sample populations.
The average total fluid intake in Italy 19 was found to be 2.7 l/day according to the pre-delivery questionnaire in the study, which is the same as the approximate average total fluid intake in this study. However, this was found to be 1.86 l/day by Shimokura and colleagues, 18 and 3.4 l/day by Zender and colleagues 14 in the USA. These differences could be attributable to various factors such as sample population diet characteristics and regional climate that can potentially influence fluid intake. This study showed the average total cold tap water intake to be approximately 0.5 l/day, with a higher average intake for total bottled water (0.9 l/day). Other studies have similarly found total cold tap water intake to be 0.56 l/day 18 in the USA and 0.6 l/day 19 in Italy. Overall, fluid intake was generally higher in the home environment compared to elsewhere. Sixty three per cent of the total fluid ingestion took place at home, which was similar to the general population in the UK; 27 25% of this was cold tap water. Shimokura and colleagues 18 found 66.7% of the total tap water consumption to occur at home; 48.1% of this was cold tap water.
As is evident from this comparison of the estimates obtained in the current study and those identified in other studies, the exposure of pregnant women to chlorinated water may differ by geographical locations. 18 19 Exposure estimates from one country cannot be assumed to be applicable to another country or region. In addition to awareness of geographical variation in water exposure, future exposure assessments for epidemiological studies should consider individual variation, and the potential exposure that occurs outside the home environment.
Exposure assessments in epidemiological studies require a balance or cost benefit analysis 25 to be resourceful and efficient; studies examining chlorination by-product exposure and adverse birth outcomes with large sample size could have fairly crude exposure assessments (for example, concentrations in water at water zone level), while studies with smaller samples require a more detailed exposure assessment (for example, including information on various exposure pathways and routes). 10 Particularly for studies with smaller sample sizes, exposure assessment methods need to be refined to ensure they are comprehensive, and that they include the parameters that have been examined in this study.
In epidemiological studies the exposure estimates could be improved by administering the questionnaire twice during pregnancy to obtain better estimates, and to enable the estimation of within and between subject variance and hence the attenuation in risk estimates. 10 Administration of diaries may be too burdensome and result in low response rates. In addition to comprehensive assessments, methodologies need to be standardised to aid study comparability. Key recommendations for producing better exposure assessments have been reported by Arbuckle and colleagues, 13 and should be taken into consideration in future designs of exposure assessments. This includes carefully examining consumption characteristics and water use activities for critical exposure periods, factors potentially modifying concentrations (such as water filters, water storage, boiling water, and season), and secondary sources and pathways of exposure (such as pharmaceuticals and occupation).
It is hoped that the detailed assessment of exposure in this study has set a precedent for future examinations of exposure of pregnant women to water. This study has evaluated the use of a questionnaire in a population of pregnant women to assess their exposure to water, and thereby also obtained a better understanding of the exposure of pregnant women to water in Central London. The use of the questionnaire has also been validated with a seven day diary, which has shown it to be a suitable tool to assess exposure. 
